In 1997, Stepanenko et al. [1] reported the isolation of a hydroxylated biquinone, named islandoquinone, from the red thallus tips of the lichen Cetraria islandica var. polaris. Islandoquinone is one of the three identifiable quinonoid compounds produced by this lichen species, which grows in the Magadan region of Russia. The structure 1 was proposed for this compound (Figure 1 ) as a result of the comparison of the compound obtained with the lapachol peroxide structure 2 [2] [3] [4] . However, the IR spectrum of islandoquinone did not contain (C=O) absorption bands at  1750 cm -1 that are found for 2,3-dihydro-2-oxo-1,4naphthoquinones [4, 5] . Accordingly, the 2,3-dihydro-2-oxo-1,4-naphthoquinonoid structure of the Q 2H fragment of biquinone 1 was revised, and this natural product was identified as 3, i.e., the 2,3-dihydro-2,2-dihydroxy-1,4naphthoquinonoid structure was assigned to the Q 2H subgroup [6] . An argument in favor of structure 3 was based on the comparison of its spectral data with those of the 2,3-dihydro-2,2-dihydroxy-1,4naphthoquinones described in the literature [5, 7] . However, doubts have emerged regarding the proposed structure of islandoquinone, with the major discrepancy concerning the presence of signals of only three -hydroxy groups in the 1 H NMR spectrum of islandoquinone [1] .
Based on the accumulated spectral data [1] , it was concluded that islandoquinone is one of four dioxabenzo[a]tetracenetetraones from the two diastereoisomeric pairs of 4а and 4а' and 5а and 5а' ( Figure  2 ). According to a calculation by the B3LYP/6-311G(d) method [8] , the 7aS*,13aS* (4a) and 7aR*,13aR* (5a) diastereoisomers are more favorable than the 7aS*,13aR*-diastereoisomers 4a' and 5a' (G 4a'-4a = 7.1 and G 5a'-5a = 7.9 kcal/mol). The difference in Gibbs energy between 4a and 5a is only 0.4 kcal/mol. The conclusive choice in favor of either 4a or 5a may be based on the X-ray diffraction analysis of islandoquinone or structurally similar compounds. Within this context, the structure of the oxidative coupling products of ethylhydroxynaphthazarins 6a and 6b [6] were synthesized and analyzed ( Figure 3 ). The oxidative coupling of the chlorinated hydroxynaphthazarin 6a upon treatment with lead dioxide in boiling acetic acid resulted in a product after chromatographic separation that, judging from the spectral data, was an unsymmetrical biquinone.
NPC Natural Product Communications 2014
Vol. 9 No. 6
-840
As is the case of islandoquinone, the 1 H NMR spectrum of chlorinated biquinone contains three downfield proton signals, which are due to the α-hydroxy groups involved in intramolecular hydrogen bonding. The methylene protons belonging to one of the ethyl groups are magnetically nonequivalent, indicating that the ethyl group is positioned at the asymmetric center. The assignment of carbon atoms was performed on the basis of 2D NMR experiments (Table 1 ). The crystallization of the biquinone from acetone afforded crystals that were suitable for single-crystal X-ray diffraction. The molecular structure of the product 4b obtained is shown in Figure 4 [9]. The optimized geometry of 4b by the B3LYP/6-311G(d) method is in a good agreement with this result.
It should be noted that the upfield signals of the ethyl group protons (at C-15, C-16, C-17, and C-18) and carbon atoms (C-6a, C-7a, C-13a, and C-14a) of the dioxane ring of the biquinone 4b ( Figure  5 ) were in very good agreement with the corresponding signals of islandoquinone (Tables 2 and 3 ). Therefore, the connection of the B and C cyclic rings and the position of the substituents in these rings in the chlorinated biquinone and islandoquinone are identical.
The oxidative coupling of cristazarin (6b) ( Figure 3 ) produced a mixture of two biquinones (1:1.8 ratio, 1 H NMR) that were similar in structure. Crystallization of the major product from acetone afforded crystals that were suitable for single-crystal X-ray diffraction. The molecular structure of the product obtained (4c, Figure 5 ) is shown in Figure 4 the B3LYP/6-311G(d) method is in a good agreement with this result.
Based on the calculation by the B3LYP/6-311G(d) method, it was concluded that the minor compound obtained was the dioxabenzo[a]tetracenetetraone 5b ( Figure 6 ). In the 1 H NMR spectrum of compound 5b, the upfield signals for the C-6 and C-13a ethyl groups (Table 2) do not fit with those of 4a-d. Therefore, these signals are important structural evidence.
As was the case with compound 4b, the upfield signals of the ethyl group protons at C-6 and C-7a and the carbon atoms C-6a, C-7a, C-13a, and C-14a of the dioxane ring of islandoquinone correlated well with the corresponding signals of 4c (Tables 2 and 3 ). These data indicate that the early proposed structure of islandoquinone should be revised in favor of (7aS*,13aS*)-6,7a-diethyl-2,5,9,11,12,13a-hexahydroxy-7,14-dioxabenzo[a]tetracene 1,4,8,13(7aH,13aH)-tetraone (4a) and compound 4с is its dimethyl ether. All attempts to convert 4с into islandoquinone were unsuccessful yielding a complex mixture of compounds. Because the structure of islandoquinone needs to be revised, its dideoxy analog [6] should be identified as (7aS*,13aS*)-6,7adiethyl-5,9,12,13a-tetrahydroxy-7,14-dioxabenzo[a]tetracene-1,4,8,13(7aH,13aH)-tetraone (4d) (Figure 7) .
In summary, a number of model dioxabenzo[a]tetracenetetraones were synthesized, among them islandoquinone dimethyl ether. A comparison of the NMR spectra of the compounds obtained showed that the signals of the ethyl group protons at C-6 and C-7a are characteristic and can play an important role in the elucidation of the structure. The structure of islandoquinone isolated from C. islandica was revised to be (7aS*,13aS*)-6,7a-diethyl-2,5,9,11,12,13a-hexahydroxy-7,14-dioxabenzo[a]tetracene-1,4,8,13(7aH,13aH)-tetraone.
Experimental
General: The melting points were determined with a Boetius apparatus and are uncorrected. Analytical grade solvents were used. 1 H and 13 C NMR spectra were recorded on Bruker Avance-500 and Avance-700 spectrometers at 500 and 125 MHz, and 700 and 176 MHz, respectively. The chemical shifts (δ) are in parts per million (ppm) relative to TMS (δ=0.0 ppm). The IR absorption spectra were recorded on a Bruker Equinox 55 IR-FT spectrophotometer. The mass spectra were taken on an AMD 604S spectrometer (direct sample inlet, ionizing energy 70 eV and elevated temperature). Elemental analysis was performed with a Flash EA1112 CHN/MAS200 instrument. The course of reactions was monitored and the purity of the compounds obtained were checked by TLC. Merck Kieselgel 60F-254 plates were preliminarily treated with 0.05 M tartaric acid in MeOH and dried at 50C for 2-3 h; a 3:1 nhexane-acetone mixture was used as eluent. Preparative TLC and CC were performed on silica gel (Chemapol, Czechia), 5/40 and 40/100 m, respectively, using n-hexane-acetone. Yields were not optimized. Theoretical calculations were carried out at B3LYP/6-311G(d) level of theory using GAUSSIAN G03W program [8] . Starting compounds 6a [6] and 6b [9] were obtained by known procedures.
Oxidative coupling of 6a: PbO 2 (430 mg, 1.8 mmol) was added to a boiling solution of 6a (310 mg, 1.0 mmol) in AcOH (20 mL) in small portions for 15 min. The heat was then removed, and the reaction mixture was stirred for 3-5 min, cooled (25C) and filtered. The filtrate was concentrated under reduced pressure, diluted with H 2 O (30 mL) and extracted with EtOAc (375 mL). The organic layer was dried (dry Na 2 SO 4 ) and concentrated under reduced pressure. The residue, subjected to preparative TLC to separate unreacted 6a (122 mg, 0.4mmol) on silica gel (n-hexane-acetone, 4:1), afforded compound 4b (55 mg, 0.1 mmol, 29%).
Crystallographic data for 4b and 4c:
Crystals of suitable quality for X-ray analysis were grown from acetone. The data collection was performed on a Bruker Smart Apex II CCD diffractometer, using graphite monochromated Mo-Kα-radiation (λ = 0.71073 Å). Crystal-to-detector distance was 40 mm. Collection and editing of data, and refinement of unit cell parameters were held in the APEX2 software packages [10] . The structure was solved by direct methods using the program SHELXTL/PC [11] . Refinement method was full-matrix least-squares based on F 2 . Bond lengths and angles are given in Table 4 . The main crystallographic data and structure refinement are given in Table 5 . CCDC 867745 (for 4b) and CCDC 977846 (for 4c) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk). 124.37 (7) C3-C2-C1 117.82(6) O(1)-C(10)-C (11) 106.13 (6) C3-C4-C5 120.73(7) C(20)-C(15)-C(16) 120.10 (7) O5-C6-C5 125.03 (7) 117.01 (7) C18-C19-H19 119.7 C(13)-C(22)-C(21) 117.26 (7) O1-C14-C15 116.94(7) C(22)-C(23)-C(24) 111.71 (7) C25-C24-H24A 109.2 (7aR*,13aR*)-6,13a-Diethyl-5,7a,9,12-tetrahydroxy-2,10dimethoxy-7,14-dioxabenzo[a]tetracene-1,4,8,13(7aH,13aH) tetraone (5b) Rf: 0.24 (n-hexane-acetone, 3:1). 1 
